In MS2 assembly of phage particles results from an interaction between a coat protein dimer and a stem-loop of the RNA genome (the operator hairpin). Amino acid residues Thr45, which is universally conserved among the small RNA phages, and Thr59 are part of the specific RNA binding pocket and interact directly with the RNA; the former through a hydrogen bond, the latter through hydrophobic contacts. The crystal structures of MS2 protein capsids formed by mutants Thr45Ala and Thr59Ser, both with and without the 19 nt wild-type operator hairpin bound, are reported here. The RNA hairpin binds to these mutants in a similar way to its binding to wild-type protein. In a companion paper both mutants are shown to be deficient in RNA binding in an in vivo assay, but in vitro the equilibrium dissociation constant is significantly higher than wild-type for the Thr45Ala mutant. The change in binding affinity of the Thr45Ala mutant is probably a direct consequence of removal of direct hydrogen bonds between the protein and the RNA. The properties of the Thr59Ser mutant are more difficult to explain, but are consistent with a loss of non-polar contact.
INTRODUCTION
MS2 is a group I RNA bacteriophage which infects Escherichia coli (1) . Other related viruses are GA, Qβ and SP, which belong to groups 2, 3 and 4 respectively. The icosahedral shell of MS2 virus particles is made up of 180 copies of the coat protein subunit arranged as a T = 3 quasi-equivalent surface lattice, which packages a plus sense RNA of 3569 nt. The quasi-equivalent coat protein conformers, known as A, B and C, pack as non-covalent A/B and C/C dimers in the capsid (2) . The genomic RNA encodes four proteins: the maturation protein, the coat protein subunit, a replicase subunit and the lysis protein.
In solution MS2 coat protein exists as a dimer, which has a dual function: it is the basic building block of the capsid and it acts as a translational repressor of the replicase gene. This latter function is accomplished by a sequence-specific RNA-protein interaction, in which a coat protein dimer binds to an RNA stem-loop structure, called the operator hairpin, which bears the Shine-Dalgarno (SD) sequence and the start codon of the replicase gene ( Fig. 1 ). This specific recognition is also responsible for the specificity of RNA encapsidation and acts as a catalyst for capsid assembly.
Recently the crystal structure of the viral capsid with the 19 nt operator hairpin bound was solved (3, 4) . This was achieved by soaking crystals of recombinant capsids (which lack the genomic RNA) with operator RNA. We showed that a single operator hairpin was bound in an asymmetrical fashion to the A/B quasi-two-fold dimer. The hairpin also binds to the symmetrical C/C dimer. This, however, results in superimposition of the electron density for two RNA molecules related by the two-fold axis, making interpretation more difficult. In the RNA-protein complex the adenines at positions -4 and -10 (see Fig. 1 for numbering scheme) occupied quasi-equivalent pockets formed by residues Val29, Thr45, Ser47, Thr59 and Lys61, of which only Thr59 is not evolutionarily conserved. Val29, Thr59 and Lys61 line the walls of the pocket, whereas Thr45 and Ser47 make specific but different contacts with the nucleotides in each pocket.
To date, crystal structures are known for very few specific protein-RNA complexes (5) . These include a number of complexes between tRNA and aminoacyl-tRNA synthetases (6) and the structure of an RNA hairpin bound to the U1A protein from the U1 snRNP splicing complex (7) . In the case of the U1A snRNA complex RNA affinities of mutant proteins have been studied (8) , but structure determinations of these protein mutants or variants of the RNA have not been reported.
The aim of the present work was to study protein-RNA interactions in MS2 coat protein-RNA complexes where important residues in the protein have been mutated, to determine what effects these changes have, if any, on the conformation of the molecules and to correlate the structural results with biochemical studies. We have chosen to study two mutants, Thr45Ala and Thr59Ser. The first was selected to examine the effect of deleting the direct interaction of the side chain of Thr45 with the RNA; the importance of this residue can be judged by the universal conservation of this residue among related phages. The importance *To whom correspondance should be addressed. for RNA binding of Thr59 is unclear, since the side chain has only limited contact with the RNA and it can apparently be substituted by glutamine in the coat proteins of phages of groups 3 and 4 (9). The Thr59Ser mutant was isolated earlier by screening for mutants deficient in repression of replicase synthesis (10, 11) . In the accompanying paper (12) both the Thr45Ala and the Thr59Ser mutants are shown to be unable to prevent phage infection in an in vivo repression assay, but only Thr45Ala has a significantly higher equilibrium dissociation constant in vitro than the wild-type protein. In this work we report the crystal structures of capsids of both these mutants and of complexes with the wild-type operator hairpin. Despite the deleted contacts, the RNA hairpin binds to the proteins and both resulting complexes are similar to wild-type (3, 4) .
MATERIALS AND METHODS
The mutants Thr45Ala and Thr59Ser were constructed, expressed and purified as described previously (13) (14) (15) . Further purification and crystallization of the 'empty' capsids were achieved as described by Valegård et al. (16) . The crystals obtained were isomorphous with the wild-type. The space group is R32; cell dimensions are a = b = 288 Å, c = 653 Å. RNA was synthesized as described by Murray et al. (17) . Capsid crystals were washed in a buffer containing 0.4 M sodium phosphate, pH 7.4, 5% (w/v) PEG8000, 0.1 mM dithiothreitol and Promega RNasin inhibitor at 1 U/ml. RNA (in water) was added to the crystals to a final concentration of ∼2 mg/ml. Diffraction data were collected at station 9.6 at the CLRC Synchrotron in Daresbury, UK, using a MAR Research image plate detector. The oscillation angle was 0.5_. The HKL (18) and the CCP4 (19) packages were used to process the images and scale the data respectively. Table 1 shows the number and percentage of observed reflections and the scaling R factors.
Initial phases were taken from wild-type MS2 structures with and without bound RNA. Phase refinement by non-crystallographic symmetry averaging was carried out using the program package RAVE (20) . The final electron density map was clear except for a few disordered protein side chains and the lower end of the RNA stem. The first base pair (A -15·U +4) and nucleotide C -14 were not visible and the electron densities for nucleotides -13, +2 and +3 were weak, especially in the region of the riboses. This is similar to the situation in the wild-type complex (4) . Several cycles of model rebuilding using the program O (21) and crystallographic refinement using the conjugate gradient method and the program X-PLOR (22) were applied to optimize the structures. Energy parameters for RNA were modified to allow for simultaneous refinement of 2′-endo and 3′-endo sugar pucker in X-PLOR (4). Table 2 lists the R factors after positional and B factor refinement as well as the r.m.s. deviation from the ideal values of bond lengths and bond angles. An occupancy of 0.7 was used for the RNA in both complexes. This value was chosen to give temperature factors similar to those in the wild-type complex and is slightly lower than the value (0.9) used in that case. 
RESULTS AND DISCUSSION

Quality of the models
Four models were studied in this work: Thr45Ala and Thr59Ser protein capsids both with and without the 19 nt wild-type operator fragment bound. The RNA complexes will be referred to as Thr45Ala*RNA and Thr59Ser*RNA respectively. All four models include all of the three coat protein subunits (A, B and C) and ∼200 water molecules. In the model of Thr45Ala*RNA nucleotides -13 to +3 could be included at the A/B dimer and nucleotides -13 to +1 at the C/C dimer. In the model of Thr59Ser*RNA the equivalent nucleotides were -13 to +3 and -12 to -1 respectively. The qualities of the models of the proteins were assessed with the program Procheck (23) . Only one residue, SerB2 in Thr45Ala, is found in the disallowed region of the Ramachandran plot. The quality of the RNA was checked by calculating dihedral angles α to ζ and χ and the pseudorotation phase angle P for all residues. Comparison with the angles of yeast tRNA Phe (24) revealed that only the 3′-terminal residue of the model (G +3) has an unusual conformation in both complexes. This may be due to difficulties in interpreting the relatively weak density.
Capsid structure
MS2 coat protein (Fig. 2a) forms a five stranded anti-parallel β-sheet (strands βC-βG) facing the interior of the phage particle, with an N-terminal hairpin (β-sheet strands βA and βB) and two α-helices (αA and αB) shielding most of the upper surface of the β-sheet from the environment (2, 25) . Upon dimerization extensive contacts are formed between the subunits so that the β-sheet becomes extended to form a continuous 10 stranded sheet. The α-helices of one subunit are sandwiched between the α-helices and the N-terminal hairpin of the other subunit. The two types of coat protein dimers in the capsid (A/B and C/C) are very similar, with the exception of the FG loops that connect β-strands F and G (Fig. 2a) . The FG loops of the B subunits are bent back towards the body of the dimer and form short channels around the five-fold axes of the particle. The corresponding segments of the chain in the A and C subunits are extended and three FG loops from each of these subunits are grouped around the quasi-six-fold axis.
The conformation of the mutant proteins in the capsids with and without bound RNA is largely similar to the corresponding wild-type structures. Superimposition using the program O (26) of the wild-type structures and the structures of the mutants showed that the r.m.s. differences for all Cα atoms in all comparisons are ∼0.1 Å. Some small but significant deviations are found in the proximity of the mutated residues. In Thr45Ala the side chain of Glu31 has moved slightly towards the space occupied by the methyl group of the threonine in the wild-type and Arg38, which forms a salt link with the glutamic acid, has moved in the same direction. There are also some changes in partly disordered side chains, like Asn87 and Lys43. The changes in Thr59Ser are very small. The most significant change is a slight movement of Glu89 towards Ser59.
RNA structure
Coat protein dimers have two-fold symmetry, but a single RNA fragment binds asymmetrically to a dimer, interacting with both subunits. In the capsid two orientations of the RNA are possible, but at the A/B dimer the bent FG loop of the B subunit appears to prevent the RNA binding in one of these orientations (4). The symmetrical nature of the C/C dimer means that the RNA can bind in two orientations. The map shows both orientations of the RNA superimposed, making it difficult to interpret the electron density, especially the weak density at the bottom of the stem. In the following protein-RNA interactions at the A/B dimer are discussed, since the quality of the electron density is higher and therefore can be interpreted unambiguously. In the upper region of the stem-loop structure interactions between RNA and protein are similar at the A/B and C/C dimers.
The RNA stem has an A-type helical structure (Fig. 2b) as judged by sugar puckering, inclination and twist. Three of the four nucleotides in the loop are ordered in the crystal structure, whereas the loop appears to be very flexible in solution (27) . Two of the loop nucleotides are involved in base-specific RNA-protein interactions. A -4 is inserted in the RNA binding pocket of the A subunit and forms hydrophobic interactions and four hydrogen bonds ( Fig. 3a and b) . U -5 is not only stacked against TyrA85, but also forms hydrogen bonds with residues GluA63, TyrA85 and AsnA87 (Fig. 3c) . The third important base-specific interaction is formed between A -10 and the B subunit. The NMR solution structure suggests that A -10 is predominantly intercalated in the helical stem. In the crystal structure, however, A -10 is bulged out of the stem and interacts with the RNA binding pocket on the B subunit. These interactions differ from those in the A subunit, since the adenine base is inserted in the pocket in a different orientation ( Fig. 3d and e) . ThrB45 makes contacts with N1 and N6 of the base, but the latter hydrogen bond is probably weak, since the relative positions of the atoms are unfavourable.
In addition to the interactions involving the bases, a number of residues (LysA43, ArgA49, GluA63, TyrA85, ArgB49, SerB52, AsnB55, LysB57 and LysB61) in the dimer are involved in direct interactions with the RNA backbone.
Thr45Ala
The Thr45Ala-operator RNA complex shows some significant differences when compared with the interactions made by wild-type. Differences occur in both A and B subunits. The hydrogen bond that is normally formed between ThrB45 Oγ1 and A -10 N1 is not present due to substitution with alanine (Fig. 3e) . This loss allows the base of A -10 to move towards SerB47, albeit only by 0.2 Å. The substitution also causes a number of other small changes in the RNA and the protein in this region. The most significant change is that phosphate G -11 has moved away from the protein and the distance between O2P -11 and the side chain of LysB61 has increased by 0.5 Å, indicating a weaker link. The contact of LysB61 with A -10 O2P becomes shorter (Fig. 4) .
In the A subunit movement of A -4 is more pronounced than for A -10 in the B subunit. The lost contacts at A -4 N6 and N7 do not cause the base to move towards SerA47, but sideways by 0.2 Å, out of the binding pocket (Fig. 3b) . To accommodate the shift of the base all nucleotides from -2 to -5 are moved towards the major groove and away from the stem compared with the wild-type (Fig. 5) . Movement of the sugar at -5 increases the distance (from 3.0 to 3.2 Å) between O2′ and GluA63 Oε2 and decreases the angle between U -5 O2′, GluA63 Oε2 and Cδ (from 107 to 92_), making this bond less favourable. As a result of the movement of LysA43, the conformation of GluA63 adapts slightly to sustain the contact We conclude that the loss of five hydrogen bonds (ThrA45 Oγ1 to A -4 N6 and N7; GluA63 Oε2 to U -5 O2′; ThrB45 Oγ1 to A -10 N1 and N6) and the weakening of a salt link (LysB61 Nζ to G -11 O2P) probably leads to an overall decrease in affinity of the RNA for the protein despite some slightly strengthened contacts (AsnA87 Nδ2 to U -5 O2; LysB61 Nζ to A -10 O2P). This is consistent with the sequence conservation data for this residue and the functional data on this mutant (12) .
Thr59Ser
The complex of the Thr59Ser mutant with RNA shows fewer differences from wild-type than Thr45Ala. Loss of some of the hydrophobic interactions between the protein and RNA may, however, be significant. Thr59 and Lys61 form one of the walls of the pockets binding A -4 and A -10. In the wild-type complex the methyl group of Thr59 in the A subunit is packed against N1 of A -4 and in the B subunit against N3 of A -10. In this complex the change in accessible surface area due to this interaction is only ∼3% (of the 700 Å 2 surface of the protein which interacts with the RNA, 25 Å 2 is contributed by the methyl groups of Thr59). It is still likely that removing this contact will decrease the stability of the complex to some extent. The positions of the bases of A -4 and A -10 are essentially the same (<0.3 Å differences). A significant difference that is observed in the model is a shift in the side chain of Glu89 towards Ser59, probably caused by the absence of the methyl group, which is turned towards Glu89 in the wild-type structure. These shifts are 1 and 0.6 Å in the A and B subunits respectively.
In addition to the differences which lead to significant changes in the coordinates of the model, there are further differences which can be observed in the electron density map. In the wild-type and Thr59Ser particles without RNA the side chain of GluB89 seems well ordered and interacts with LysB57. In the RNA complexes LysB57 has moved away from GluB89 and this side chain instead interacts with ArgB49 and Ser/ThrB59. The density of the GluB89 side chain is broad, however, and shows evidence of both conformations for the side chain. Close to GluB89 another difference between wild-type and Thr59Ser is observed, namely density which could be assigned to a water molecule in the wild-type complex but which is absent in the mutant (Fig. 6 ). This water, if present, could provide a link between GluB89 and the N6 and N7 positions of A -7. The density is weak, however, and the distances long (>3.1 Å). This bond would probably be insufficient to fix the side chain of GluB89 in one orientation, but the small shift of the side chain of GluB89 (0.6 Å) caused by the Thr59Ser mutation could be enough to disable its formation. 
Conclusions
RNA-protein interaction is a dynamic process, of which we see only the end points in the complexes described here. Phenotypes for protein mutants may be caused by modifications of transient interactions or of conformational changes in the binding pathway, which would not easily be explained by the crystal structures of the final complexes. In the MS2 system the effects of mutants which cause an impaired repressor activity (10, 12, 28) or a lower affinity for the operator hairpin (10) (11) (12) 29) can in some cases be explained by the loss of a direct polar contact (Thr45Ala, Ser47Lys, Arg49Ser, Asn87Ser or Tyr85Phe) or the introduction of a negative charge in a side chain interacting with a phosphate (Asn55Asp and Lys57Glu). In other examples (Ser47Lys and Thr91Ile) the mutant side chains are larger and would not allow binding of the RNA without conformational changes of the protein and/or the RNA.
The effects on RNA binding affinity of Thr45Ala are probably mainly explained by the missing hydrogen bonds between this Figure 6 . Stereo view of the electron density around residue GluB89 in (a) the wild-type complex and (b) the T59S*RNA complex. In the wild-type complex extra density connected to the density of GluB89 is observed. This density is absent in T59S*RNA, probably due the shift of GluB89, which is moved towards SerB59. The weak density could be assigned to a water molecule. These drawings were made using the program Bobscript, an extension of Molscript by R.Esnouf.
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residue and the RNA, but might also to some extent be due to secondary changes in the complex. The properties of the Thr59Ser mutant are more difficult to explain. The contact area between the methyl group of the threonine and the adenine base of A -4 and A -10 is small, consistent with the small increase in dissociation constant between the wild-type and the mutant (12) . The fact that both the Thr59Ser and Thr59Ala mutations have an effect on RNA binding (10) (11) (12) 30 ) while a Thr59Gln mutant, where the packing interaction might be retained, seems to have normal repressor activity (31) supports the hypothesis that loss of this contact is important for the observed phenotype. The slight decrease in affinity might be due to a hydrophobic effect related to the difference in accessible surface hidden in the complexes. A further possibility is an entropic effect: the serine of the mutant might be more flexible than the wild-type threonine in the absence of RNA and the binding of the adenine base restricts the flexibility of the serine more than it does the threonine in the respective complexes. Although it is difficult to compare the absolute values of the temperature factors, there seems to be a reduction in the flexibility of SerB59 in the RNA complex, while there is no evidence from the temperature factors of a reduction in the flexibility of ThrB59 in the wild-type complex (data not shown).
There is a possibility that the Thr59Ser mutation in addition interferes with transient interactions in the RNA binding pathway. The most significant change in the mutant seems to be the slight movement of GluB89 and possibly the loss of a water molecule bound to this side chain. The side chain of GluB89 is within 6.5 Å of A -7, G -8 and G -9 and might interact directly or indirectly with these bases in the binding pathway. The complementation studies by Peabody and Lim (28) , where different mutations have been made in either one of the two 'monomers' in a genetically engineered covalently linked dimer, showed that the Thr59Ser mutant could be complemented with mutations like Tyr85His or Asn87Ser in the other 'monomer' and still retain repressor activity. Since the latter two mutants involve residues which in our complexes interact with RNA only in the A subunit, this result indicates that the effect of the Thr59Ser mutation is indeed in the B subunit.
